The ^^Mg(p,7)^'^Al reaction at low astrophysical energies 
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^ Abstract 

. In the present work we report on a new measurement of resonance strengths or/ in the reaction ^^Mg{p,y)^^Al at Ecm = 92 and 
^ '189 keV. This study was performed at the LUNA facility in the Gran Sasso underground laboratory using a An BGO summing 
1) crystal. For the first time the 92 keV resonance was directly observed and a resonance strength ajy - (2.9 + 0.6) x 10"'" eV was 
1—1 determined. Additionally, the y-ray branchings and strength of the 189 keV resonance were studied with a high resolution HPGe 
^ detector yielding an toy value in agreement with the BGO measurement, but 20 % larger compared to previous works. 
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1. Introduction 

■ The Mg-Al cycle plays a relevant role in the synthesis of Mg 
"and Al isotopes and is activated in the H-burning regions of 
stars, when the temperature exceeds T ^ 30 - 40 x 10^ K. This 
condition takes place in H-burning convective cores of the most 
massive main-sequence stars (T up to 50 x 10^ K) yj, |2|0, in 
H-burning shells of off-main-sequence stars of any mass (T up 
to 10'^ K) iiii and in explosive H-burning during Nova-like 
outbursts (T up to 4 X 10** K) lH. 

An understanding of these nucleosynthesis processes is im- 
portant for many astronomical observations: (a) the Mg-Al 
(anti)correlation observed in Globular Cluster stars [3, 6]; (b) 
the well-known 1.809 MeV y-ray line commonly associated 
with the radioactive decay of ^^Alproduced by the present gen- 
eration of galactic massive stars |l7|-|9[]; (c) the fossil records of 
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^^Al derived from the isotopic composition of Mg observed in 
different phases of Ca-Al rich inclusions of carbonaceous chon- 



drites 1 13- 12 1 and in presolar grains Ill3ll . 

In general, the Mg-Al cycle is initiated by the ^'^Mg(p,y)^^Al 
reaction followed by a y6-decay into ^^Mg. Subsequently an- 
other proton capture creates ^^Al: one of the most impor- 
tant radioactive isotopes for y-ray astronomy. The reaction 
^^Mg(p,y)^''Al proceeds with about 60 - 80 % probability, de- 
pending on the interaction energy, to the ground state of ^*A1 
(fi/2 ~ 7 X 10^ y) while the remaining 20 - 40 % populate the 
228 keV isomeric state (fi/2 = 6 s). The ^^Al ground state 
decays into the first excited state of ^^Mg giving rise to the 
1.809 MeV y-ray. Further proton captures on ^^Al and ^^Mg 
form ^^Al either directly or through a ^^Si j6-decay. Finally, the 
^^Al(p,Q')^''Mg reaction closes the Mg-Al cycle. 

The stellar evolution models rely on a firm evaluation of the 
reaction rates of the involved nuclear reactions, and in particular 
of ^^Mg(p,y)^^Al at the relevant temperatures for the activation 
of the Mg-Al cycle. 

The reaction ^^Mg(p,yf^Al (Q = 6306 keV) is dominated 
by isolated resonances although the high level density of -^Al 
seriously complicates the study of this reaction. In the past 
^^Mg(p,y)^*Al resonances down to E = 189 keV (all energies 
are given in the center-of-mass frame except where quoted dif- 
ferently) have been studied in direct and indirect experiments 
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1 1 4 - 12511 while resonance strengths at lower energies have been 
deduced by indirect studies only |2^ 21, 23]. These data sug- 
gest that resonances at E = 58, 92, 189, and 304 keV play a sig- 
nificant role in the astrophysically relevant temperature range of 
H-burning in stars. The 58 keV resonance is inaccessible for di- 
rect experiments, while there are additional resonances reported 
in literature, e.g. one at E = 130 keV, which only contribute to 
the reaction rate in case the strengths are underestimated by 2 - 
3 orders of magnitude. 

Note the ^^Mg(p,'y)^^Al reaction is also active in advanced 
burning phases, i.e. carbon and neon burning where for instance 
a major contribution to the galactic ^''Al is produced (l^, but 
these stages require much higher temperatures and are not ef- 
fected by the results of the present study. 

In a previous publication 12711 we have reported on a high 
precision measurement of the E = 214, 304, and 326 keV 
resonances in the reactions ^"*Mg(p,y)^^Al, ^^Mg(p,7)^^Al, and 
^^Mg(p,'>')^^Al, respectively. These studies were performed us- 
ing multiple experimental approaches, i.e. y-ray spectroscopy 
as well as accelerator mass spectrometry (AMS). The present 
work is the continuation of these efforts towards the important 
low-energy resonances in ^^Mg(p,'y)^*Al. 

2. Experimental setup 

The experiment has been performed at the 400 kV LUNA 
(Laboratory for Underground Nuclear Astrophysics) accelera- 
tor in the Laboratori Nazionali del Gran Sasso (LNGS) under- 
ground laboratory in Italy ll28i I29I1 . The 1400 m rock over- 
burden (corresponding to 3800 meter water equivalent) of the 
underground laboratory reduces the y-ray background by more 
than three orders of magnitude for energies higher than 3.5 
MeV, compared with a measurement on Earth's surface ll30ll . 
The absolute ^^Mg(p,y)^^Al resonance strengths of the 92 and 
189 keV resonances as well as an upper limit for the 130 keV 
resonance were measured with a An BGO summing crystal. In 
addition, the 189 keV resonance was also studied with a HPGe 
detector allowing for a precise determination of the correspond- 
ing resonant branching ratios. 

The details of the experimental setup are as reported previ- 
ously m. Briefly, the 400 kV LUNA accelerator ^ provided 
a proton current on target of up to 250 juA. The proton beam 
passed through several focussing apertures and a copper shroud, 
connected to a cold trap cooled to hquid nitrogen temperature, 
extending to within 2 mm from the target. The target plane 
was oriented perpendicularly to the beam direction. A voltage 
of -300 V was applied to the cold trap to minimize emission 
of secondary electrons from both the target and the last aper- 
ture; the precision in the current integration was estimated to be 
about 2%. The beam profile on target was controlled by sweep- 
ing the beam in the x and y directions within the geometry of 
the apertures. The targets were directly water cooled in order to 
prevent any heat damage during the measurements. 

The BGO detector has a coaxial central hole (hole diameter 
- 6 cm; crystal length - 28 cm; radial thickness = 7 cm) and is 
optically divided in six sectors, each covering a 60° azimuthal 
angle (for details on detector and data acquisition see l27ll32ll ). 



The detector was mounted on a movable carriage such that the 
target could be placed in the center of the borehole maximiz- 
ing the efficiency of the setup. For the HPGe measurement the 
target holder was replaced by a tube that allowed for an orien- 
tation of the target with its normal at 55° with respect to the 
beam direction. The HPGe detector (115% relative efficiency) 
was placed with its front face parallel to ffie target at a distance 
between target and detector front face of d = 3.5 and 6.0 cm, re- 
spectively. The detector was surrounded by 5 cm of lead, which 
reduced the background in ffie low-energy range by a factor 10. 

The ^^Mg targets have been produced from enriched ^^MgO 
(enrichment 99 ± 1 %). The ^^MgO was mixed with Ta pow- 
der, heated with an electron-beam and evaporated on Ta back- 
ings (thickness 0.3 mm). The nominal ^^Mg target density, ^ 
65 yug/cm^, corresponded to a 30 keV thickness at Ep = 100 keV 
[33, 34]. The stoichiometry and stability of each enriched target 
was frequently monitored scanning the 304 keV ^^Mg(p,7)^^Al 
resonance during the course of the experiment. Finally, from 
our previous work li27il and other direct measurements, e.g. 
1 2211 . it was obvious ffiat oxidation represents a major difficulty 
in experiments with pure Mg targets. In Ref. (xf] the effect of 
oxygen contamination (» 10 % O abundance) in case of natural 
Mg targets was extensively studied, e.g. by means of Ruffier- 
ford back scattering (RBS) analyses. The enriched Mg targets 
used in the present experiment had similar characteristics and a 
typical O abundance of 15 % was found. 

3. Analysis and results 

The absolute strength or/ of a narrow resonance can be ob- 
tained from a thick-target yield ]35]. In the present analy- 
sis the ^^Mg{p,y)^^Al low-energy resonance strengths were re- 
lated to the recommended value of the 304 keV resonance, 
017304 = 30.8 + 1.3 meV ]27], in ^^Mg(p,yf^Al. The 304 keV 
resonance scans were performed before and after a long run on 
a low-energy resonance, at least after an accumulated charge of 
10 C, under the same experimental conditions. Consequently 
from the thick-target yield a low-energy resonance strength wyR 
is obtained through the relation: 



1 or, in-3r- £Mg(ER, 

ojyR = 3.29 X 10 •'Er- — — 

1304 eMg(-'t ' 1 



Yr SMs^tiR.lab) 
T Z Wr304 

»^304 eMg(317keV) 



(1) 



where Er is the resonance energy in keV, eMg(E) the stopping 
power of protons in magnesium at the particular resonance en- 
ergy evaluated in the laboratory frame, and Yr and Y304 the ef- 
ficiency and dead time corrected yields of the studied resonance 
and the normalization to the 304 keV resonance, respectively. 
The correction factor z takes into account the exact energy de- 
pendence of ffie effective stopping power ratio between ffie two 
resonances due to the oxygen contamination. This correction 
is small, z = 0.9974 (1.0044) for the 92 keV (189 keV) reso- 
nance, and was calculated for 15% O abundance ]34]. Its vari- 
ation is less than +0.3% over a large range of O content. A 
stoichiometry change due to the target bombardment was con- 
sidered by averaging the yields of the normaUzation runs be- 
fore and after the low-energy run. The data were used only in 
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Figure 1: The HPGe y-ray spectrum taken at the E = 189 keV -'Mg(p,7)^^Al resonance showing the most prominent primary transitions, important secondary 
transitions and some y-ray background lines. The spectrum is the sum of several runs irradiated at a proton beam energy Ep = 205 keV with a total charge of 75 C. 



case this stoichiometry change was smaller than 10 % (20 % for 
the 92 keV resonance). Additionally, the beam energy for each 
on-resonance measurement was selected based on the 304 keV 
resonance scans ensuring that the resonance was placed well 
within the target layer. 

The measurement of the 189 keV resonance with the HPGe 
detector was performed in a relatively close geometry. There- 
fore, a significant summing effect is expected from the large 
solid angle covered by the detector. The detection efficiency 
and the influence of summing effects have been studied in detail 
as described in Ref. ll27ll . In particular, all y-ray lines of each 
^^Al level populated by the 189 keV resonance were observed 
and peak intensities analyzed. Subsequently, the summing- 
in and summing-out corrections have been calculated concur- 
rently with the resonance strength in a simultaneous fit using 
the approach of Ref. llsill including the data obtained at two 
distances. In this approach the resonance strength is a free pa- 
rameter and the primary branching ratios (Table [TJ as well as 
the summing correction are determined. The summing correc- 
tion was less than 2 % for most of the transitions and at maxi- 
mum 13 % (8.5 %) for the ground state transition at d = 3.5 cm 
(6 cm). Figure [T] shows the y-ray spectrum obtained on top of 
the 189 keV resonance. 

The beam induced background in the present experiment, 
e.g. from "B and '''F contaminations in the target, was much 
smaller than found in previous works, e.g. Ref. f23l\ (sam- 
ple spectrum given in ll37ll ). This advantage, together with the 
larger volume of the HPGe detector and the low environmen- 
tal background, resulted in a higher sensitivity of the branch- 
ing ratio determination than previously available. The deduced 
branching ratios are largely in agreement with previous works, 
although some significant differences were observed, e.g. the 
transition R^ 4705 keV compared to Ref. ll22ll . The transi- 
tions to the state at 5883 keV could not be verified while the 
5726 keV transition (both discovered in Ref. (2^1) was ob- 
served with a reduced intensity. The primaries of these tran- 
sitions overlap with strong natural y-ray background lines from 
^'^Bi (Radium series) at Ey - 609.3 and 768.4 keV, respec- 



Table 1: Primary y-ray branching ratios (in %) of the E 
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7 + 2 
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50 + 2 


50 ± 8 
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4.5+0.9 
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1.4 + 0.5 


<4 




16 + 7 


2545 


7.7 + 1.0 


12 + 4 


5.8 ± 1.2 




2365 


21.9 + 2.0 


26 ±4 


19 ± 1 


17 ±7 
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10.2+ 1.0 


12 ±4 


21 ± 3 


17 ±9 





5.6 + 1.1 









"Upper limit from Ref. (3J. 

''Yield observed is partly explained with the double-escape peak from 
"B(p,y)'^C (see 122]). In the present spectra both lines are well separated 



and could be analyzed. 



lively, and probably have been misinterpreted in Ref. 112211 . In 
contrast to previous measurements an additional ground state 
transition could be clearly identified after summing-in correc- 
tion. Note the ground state transition, Ey - 6496 keV, is ham- 
pered by low detection efficiency at higher y-ray energy and, 
therefore, could not be observed previously due to the cosmic- 
ray induced background. Secondary transitions which could be 
analyzed are usually in good agreement (within 5%) with Ref. 
1 38] except for the Ex = 2070 keV state where a significantly 
lower intensity for the transition to the 1058 keV state was ob- 
served (2070 ^ 0: 2.3 %, ^ 417: 35.1 %, ^ 1058: 62.5 %). 

The resulting total resonance strength, wy^gg*^'' - (9.0 + 0.4) x 
10"' eV, includes a probability for forming the ^*A1 ground 
state of /() = 75 ± 2 %. The ground state branching ratio was 
obtained from the full decay scheme of this resonance includ- 
ing all known secondary transitions. This value is consistent 
with an older literature ratio, fE„dt -15 + 1% (aB] (used in Ref. 
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Figure 2: The BGO y-ray spectra (filled circles) on the E = 189 keV 
^'Mg(p,y)^*Al resonance, a) single sum (of all 6 crystals); h) total sum spec- 
trum. The shaded area, dotted line, and solid red line represent the environ- 
mental background, the total background, and the complete yield fit including 
background and GEANT4 simulation, respectively. The spectrum was obtained 
after a target irradiation with ~ 10 C at Ep = 205 keV. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this Letter.) 



1 41]), while it disa gree s with a more recent one, /lUadis - 66 % 
1 231] (used in Ref. 114211 '). However, the agreement with the for- 
mer is only accidental due to the simultaneous revision of the 
primary branchings (Table[T]) and the 2070 ke V state branchings 
(see above). This indicates that the uncertainty on the ground 
state fraction in Ref. ]40] is underestimated. The uncertainty 
of the cjy determination includes relative detection efficiency 
(1.5 %), statistical uncertainty (3 %), and the uncertainty related 
to the normalization runs, e.g. stoichiometry change (3 %). Un- 
certainty contributions common to both approaches, i.e. HPGe 
and BGO, were added after averaging and wiU be discussed be- 
low. 

The y-ray spectra from the BGO detector measurement were 
analyzed by means of a Monte Carlo simulation based on 
GEANT4 ]43]. The Monte Carlo code uses as input parameters 
the available information on the y-ray branchings of all tran- 
sitions to the ground state or the isomeric first excited state of 
^''Al, e.g. [3^, and tracks the simulated y-ray cascades through 
setup and detector The results are a sum spectrum of the total 
detector and a sum of the 6 single crystal segments, called sin- 
gle sum spectrum. The reliability and precision of this method 
has been successfully employed for or/ determinations in (p,y) 
reactions, e.g. the 304 keV resonance in ^^Mg(p,7)^^Al 12711 . 

The 189 keV resonance is located between strong resonances 
of "B(p,y)i2c, i'*0(p,r)i''F, and ^'^F(p,ayy^O, respectively. As 
a consequence, the beam-induced background is not negligible 
in contrast to the previously studied resonances (tJ]. The re- 
actions "B(p,y)'^C and '^0(p,y)'^F have Q-values larger than 
^^Mg(p,y)^^Al. Therefore, an energy cut restricting the ac- 
cepted events to those with a total energy release in the detector 
of Ey < 7 MeV reduces strongly the background in the single 
sum spectrum. The remaining background contribution can be 
estimated with a simulation fitted to the high energy part of the 



spectrum, where the same energy cut was applied in the simu- 
lation of the background reactions. The background contribu- 
tion of '^F(p,Q")')'^0 with a y-ray line at Ey = 6.13 MeV can 
be determined from the shape of the experimental spectra only. 
However, the shape puts a strong constraint on the intensity of 
this line (less than 3 % of the total yield). 

The sum of the ^^Mg(p,7)^*Al simulation, the beam-induced 
background simulations and the environmental background, 
scaled from a long measurement without beam, were fitted to 
the experimental spectra, i.e. single and total sum. In both 
cases a good agreement was achieved (Fig. |2|. This analysis of 
the BGO measurement led to a 189 keV resonance strength of 
cuy^^g° = (9.0 + 0.5) X 10"^ eV including uncertainties of 3 % 
for each simulation, i.e. 189 and 304 keV resonances as well 
as background, and the stoichiometry variation (2 %) while the 
statistical uncertainty is well below 0.5 %. The results of both 
detection approaches are in excellent agreement and result in 
a weighted average of cjyi^g = (9.0 + 0.6) x 10"^ eV includ- 
ing also common uncertainties, e.g. the normalization uncer- 
tainty, wy304 (4.2 %), energy dependence of the stopping power 
(1.5 %), and current measurement (2 %). This value is higher 
than the result of a previous work, or/ - (7.4 + 1.0) x 10"^ eV 
||2^jfl However, the difference is not surprising since there is 
a discrepancy in the most intense primary transition for this 
resonance (Table [T]|. Possible explanations might be the influ- 
ence of an angular distribution or an incomplete summing-out 
correction in the 0° measurement of ]22]. The fact that the 
present HPGe experiment delivered consistent results at two 
different distances indicates that the summing corrections are 
well under control and angular distribution effects are negli- 
gible at 55°. Furthermore, the good agreement of the simu- 
lated y-ray spectrum - based on the branching ratios from the 
HPGe phase - with the observed BGO spectrum supports this 
assumption as well. As a consequence we discard the result of 
lliadis et al. ll22ll and recommend the present value. Finally, 
the present value is incompatible with a resonance strength, 
wyAMS = (1.5 + 0.2) X 10"^ eV (corrected for total strength), 
measured by means of AMS ]25]. This value can be excluded 
for reasons that have been discussed previously ]27]. 

In spite of the large sum peak efficiency of the BGO de- 
tector and the high beam intensity only the 92 keV resonance 
could be clearly observed below E = 189 keV. In addition, for 
the 130 keV resonance an upper limit was obtained while all 
other low-energy resonances are too weak to be studied with 
the present experimental setup. The resonance strength of the 
92 keV resonance was determined from count rate and peak 
shape in the energy region Ey - 5.6 - 7.0 MeV of the total sum 
spectrum (Fig. [3]l. This region was also used to gate the single 
sum spectrum: only reconstructed events depositing their total 
energy in this gate window were accepted in the single spectrum 
(Fig. |4]i. This procedure strongly reduced the background and 
provided indications on the resonant y-ray branching ratios. Al- 
though the obtained information were not conclusive due to the 



'Note that in NACRE |41] a value of 
for Ref. (23l . A more recent compilation |f4! 



: (7.1 ± 1.0) X 10"' eV is quoted 
uses (j£y = (7.2 ± 1.0) X lO"' eV 
as a normalization to reference strengths from Ref. f4j. 
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Figure 3: The BGO y-ray total sum spectram on the 92 keV -^Mg(p,-y)^*Al res- 
onance (Ep = 100 keV). The shaded area, thin solid line, and solid red line rep- 
resent the environmental background, the ^^Mg(p,>')^^Al GEANT4 simulation, 
and the total yield fit including background and simulation, respectively. The 
contributions from contaminant reactions (dashed line from GEANT4 simula- 
tions) are labeled. The insert shows the background at E = 86.5 keV, i.e. below 
the resonance. The region of the sum peak is indicated by an arrow. (For inter- 
pretation of the references to color in this figure legend, the reader is referred 
to the web version of this Letter) 



limited statistics, a simulation based on available literature data, 
i.e. the primary branchings of Ref. 1 15], showed significant dif- 
ferences to the experimental spectrum (Fig. |4] thin solid line). 
Simulations varying the primary branchings suggested that the 
92 ke V resonance has stronger transitions through the 1851 and 
2070 keV states in ^''Al (Fig. |4] thick solid line). However, 
these changes influence the ground state fraction only (see be- 
low). Systematic studies of the total sum peak efficiency as 
well as the peak shape revealed onlya small eff'ect of the exact 
branching ratio on these quantities 114511 . 

The sources of beam induced background remain the same 
as discussed above down to E x 110 keV. At lower energies 
the environmental background (see Ref. f3d\ for details) is 
the dominating background component and was found to be 
constant within the statistical uncertainty over the entire period 
of the experiment. Minor additional background contributions 
arise from ^Li(p,y)^Be and '^C(p,y)''*N (see Fig. O. Below the 
92 keV resonance the observed spectrum is basically identical 
to the environmental background (see insert Fig. O. This is a 
strong indication that the beam induced background subtraction 
is robust and no unexpected component is hidden below the sum 
peak. The corresponding spectra of the identified background 
components have been simulated with the GEANT4 code and 
were fitted together with the simulated ^^Mg(p,y)^^Al resonant 
spectrum and the time normalized environmental background. 

The fit resulted in 410 events from the ^''Mg(p,y)^^Al reac- 
tion in the region of interest. For the total run time of 24 days 
and the collected charge of w 370 C this is equivalent to 2 re- 
actions per hour The corresponding strength of the 92 keV 
resonance is wyga = (2.9 + 0.6) x 10"'° eV with a sum peak 
efliciency of 38 %. This result is to our knowledge the lowest 



Figure 4: The BGO single sum spectrum on the 92 keV resonance. The shaded 
area represents the environmental background, while the thin red (thick blue) 
line shows the total yield fit including background and simulation using the pri- 
mary branching from Ref. 1 15] (alternative branching, see text). The step at 
Ey = 5.6 MeV is caused by the analysis cut. (For interpretation of the refer- 
ences to color in this figure legend, the reader is referred to the web version of 
this Letter) 



ever directly measured resonance strength. The quoted uncer- 
tainty includes the statistical uncertainty (9 %, which takes into 
account the statistical uncertainty of the background) as well as 
uncertainties due to beam induced background, i.e. equal to the 
number of subtracted counts (5 %), the choice of the fit region 
(5 %), and the GEANT4 simulation with a not precisely known 
branching ratio (5 %). Additional contributions arise from the 
correction due to the stoichiometry variation including charge 
integration (15 %), the normalization to ^7304 (4.2 %), and the 
relative stopping power data (1.5 %). The uncertainty in the 
resonance energy has been neglected. 

Finally, at such low energies the electron screening effect 
ll46ll has to be considered. The resonance strength is propor- 
tional to the penetrability P/(E) of the orbital angular momen- 
tum / through the proton partial width Fp, or/ oc Fp oc P/(E). 
Thus, the enhancement factor fes of the entrance channel can be 
expressed as: 



f - 



P/(E + Ue) 
P/(E) 



(2) 



where for small I the usual approximation fes ~ exp(7r77Ue/E) 
is still valid |46]. The screening potential Ue = 1.14 keV was 
calculated in the adiabatic limit from atomic binding energies 
1 47|] leading to an enhancement factor fes - 1 .25 for the 92 keV 
resonance (Table |2|l. 

The present result corrected for screening is within the 
quoted uncertainty in agreement with the NACRE value, 

W92 



NACRE ^ (1.1 6+1- 16) X 10-1" eV 1411]. The NACRE valuej_s 



based on the average proton partial width from a reanalysis 112311 
of older proton stripping data 1 14, 2^ 21]. This proton width, 
Fp = (2.8 + 1.1) X 10""' eV (uncertainty as quoted in [48]), is 
also used in Ref. ll42ll . The proton width from the present exper- 
iment, Fp - (5.6 + 1.1) X 10"'*' eV, deviates from this literature 
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Table 2: The new recommended ^^Mg(p,7)^*Al resonance strengths (uncor- 
rected for screening) and con'esponding ground state fractions fg. The electron 
screening enhancement factor fes was calculated according to 1 46] . 



E [keV]" 



or/ [eV] 



/o 



304.0 
189.5 
130.0 
92.2 



(3.08 + 0.13) X 10-2 b 
(9.0 + 0.6) X 10-^ 

< 2.5 X 10-1° 
(2.9 + 0.6) X 10-"' 



1.04 
1.08 
1.14 
1.25 



0.878 ± 0.010'' 
0.75 + 0.02 
0.73 + 0.01"= 

6+°-2 

'-'■"-0.1 



"from Ref. Il9ll . the uncertainty is less than 0.2 keV in all cases 
*from Ref S 

■^from Ref. I19il (Note the uncertainty might be underestimated) 



value by 1.8cr, where cr is calculated as the quadratic sum of 
the individual uncertainties. Therefore, at the 90 % confidence 
level the literature value is incompatible with the present result, 
while the present proton width is in good agreement with the 



original value of Ref. IM, Tp = (5.2 + 1.3) x 10 '° eV. 



The ground state branching fraction is an additional impor- 
tant input parameter for the reaction rate. The available liter- 
ature information in case of the 92 keV resonance are contra- 
dictory. Based on the experimental branching ratio determina- 
tion through the 2'*Mg(^He,p-y}^^Al reaction [15] a probability 
of 80 ± 20 % was deduced lll6ll . The same authors quote in 
Ref. fis'] a value of 6 1 % while the compilation of Endt and 
Rolfs 1 19] gives 85 %. The additional information from the sin- 
gle sum spectrum suggested stronger transitions through ^^Al 
states that predominately decay to the isomeric state reducing 
the ground state fraction. The ground state probability in the 
present work is calculated from the full decay scheme including 
the new information and a value of 60^jq % is recommended. 
The measurement on the 130 keV resonance (total charge 
90 C at Ep = 140 keV) was analyzed in the same way, but 
due to the stronger beam induced background in this proton 
energy region the signal could not be clearly identified. As a 
consequence only an upper Umit, wy^o < 2.5 x lO-"' eV, is 
quoted here. This result is in agreement with the value given 
in NACRE, (jJJ^^^^^ < 1.4 x 10-"' eV [41.] and verifies the 
information from transfer reactions that this resonance is of no 
astrophysical relevance. 



4. Summary and conclusion 

The resonance strengths of the 92 and 189 keV resonances in 
2^Mg(p,7)2^Al have been measured with unprecedented sensi- 
tivity relative to the well-known 304 keV resonance which has 
been established in the previous study ll27ll . In particular, the 
first direct study of the 92 keV resonance largely reduces the 
uncertainty in the reaction rate. The results are summarized in 
Table |2] The experimental ary values are given together with 
the ground state branching fraction and the electron screening 
correction. Note that due to the relatively large Z of the target 
nucleus the influence is already sizeable for the 304 keV res- 
onance. The nuclear reaction rate for 2^Mg(p,y)2^Al and the 



implication on astrophysical models of the ^^Al synthesis will 
be discussed in a forthcoming publication. 

The authors are grateful to H. Baumeister (Institut fiir 
Kernhysik, Universitat Miinster, Germany) and M. Loriggiola 
(INFN Legnaro, Padova, Italy) for the excellent preparation of 
2^Mg targets. The present work has been supported by INFN 
and in pait by the EU (ILIAS-TA RII3-CT-2004-506222), 
OTKA (K101328 and K68801), and DFG (Ro 429/41). 
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